AIM To examine the diagnostic ability of early magnetic resonance imaging (MRI; <36wks postmenstrual age) to detect later adverse motor outcomes or cerebral palsy (CP) in infants born preterm.
METHOD Studies of infants born preterm with MRI earlier than 36 weeks postmenstrual age and quantitative motor data or a diagnosis of CP at or beyond 1 year corrected age were identified. Study details were extracted and meta-analyses performed where possible. Quality of included studies was evaluated with the QUADAS-2 (a revised tool for the quality assessment of diagnostic accuracy studies).
RESULTS Thirty-one articles met the inclusion criteria, five of which reported diagnostic accuracy and five reported data sufficient for calculation of diagnostic accuracy. Early structural MRI global scores detected a later diagnosis of CP with a pooled sensitivity of 100% (95% confidence interval [CI] 86-100) and a specificity of 93% (95% CI 59-100). Global structural MRI scores determined adverse motor outcomes with a pooled sensitivity of 89% (95% CI 44-100) and a specificity of 98% (95% CI 90-100). White matter scores determined adverse motor outcomes with a pooled sensitivity of 33% (95% CI 20-48) and a specificity of 83% (95% CI 78-88).
INTERPRETATION Early structural MRI has reasonable sensitivity and specificity to determine adverse motor outcomes and CP in infants born preterm. Greater reporting of diagnostic accuracy in studies examining relationships with motor outcomes and CP is required to facilitate clinical utility of early MRI.
Cerebral palsy (CP) results from an early brain injury that occurs in the third trimester of pregnancy or around birth in approximately 70% of cases. 1 Preterm birth is the single greatest risk factor for CP, with approximately 43% of infants diagnosed with CP born preterm. 2 The risk of CP increases with decreasing gestational age at birth, with approximately 5% to 10% of infants born earlier than 30 weeks gestational age developing CP. 3, 4 In infants born earlier than 30 weeks postmenstrual age (PMA) who do not develop CP, there is a significant risk for adverse motor outcomes, which range from mild to severe motor impairment. 5 Early identification of infants at risk of adverse motor outcomes and CP is required to counsel families and refer them to early interventions.
Magnetic resonance imaging (MRI) at term equivalent age (TEA) has been shown to identify infants with CP and motor outcomes at or beyond 2 years corrected age in infants born very preterm. 3, [6] [7] [8] In a systematic review of tests to predict CP in high-risk cohorts, MRI at TEA determined a later outcome of CP with a sensitivity of 86% to 100% and specificity of 89% to 97%. 6, 7, 9 Another systematic review of TEA MRI in infants born preterm reported a sensitivity of 77% and specificity of 79% to determine an outcome of CP, and a sensitivity of 72% and a specificity of 62% to determine motor outcome. 10 A recent systematic review of advanced neuroimaging at TEA summarized biomarkers associated with neurodevelopmental outcomes in infants born preterm. 11 Biomarkers identified included tissue volumes and metrics of microstructural integrity and maturation based on diffusion MRI such as fractional anisotropy and/or mean, radial, or axial diffusivity. 11 Brain regions with evidence in three or more studies included the corpus callosum, cerebellum, centrum semiovale, sensorimotor white matter, subcortical nuclei, and posterior limb of the internal capsule (PLIC).
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A number of non-systematic reviews have summarized structural and diffusion imaging at TEA and the associations with neurodevelopmental outcomes in infants born very preterm. [12] [13] [14] Structural MRI at TEA was strongly associated with neurodevelopmental outcomes, whereas evidence of advanced imaging biomarkers to determine neurodevelopmental outcomes was emerging. [12] [13] [14] Earlier MRI could provide a baseline measure of brain structure to evaluate neuroprotective and therapeutic interventions, which could be initiated while the infant is still in the neonatal intensive care unit. Additionally, there is a propensity for infants born very preterm to be discharged from the neonatal intensive care unit before TEA, so an earlier MRI assessment would allow for MRI before discharge. This would facilitate follow-up, ensuring more infants undergo MRI rather than requiring families to return for assessment at TEA. The prognostic and diagnostic accuracy of early MRI therefore requires evaluation to enable clinical and research teams to determine the benefit of undertaking early MRI versus TEA MRI, given the practical challenges and resource requirements of early MRI.
To date, one systematic review has evaluated MRI earlier in the neonatal period (<36wks PMA). 15 The authors concluded that TEA MRI afforded greater prognostic information than early MRI, and emphasized the importance of early MRI for research into early brain injury and development. Early MRI (<36wks PMA) has become more widespread with the increasing availability of magnetic resonance-compatible incubators. 16 Further systematic evaluation of the literature to determine the ability of early MRI to accurately determine neurodevelopmental outcomes and CP is warranted, including identification of which MRI acquisition and analysis methods have demonstrated clinical utility and applicability, and which methods remain in the research domain at present. The aim of this systematic review was to examine the diagnostic accuracy of early MRI (<36wks PMA) to determine adverse motor outcomes or a confirmed diagnosis of CP at or beyond 1 year corrected age in infants born preterm.
METHOD Search strategy
Databases searched were PubMed, EMBASE, Cochrane, CINAHL, and Scopus from inception to 6 September 2017. Keywords (preterm OR infant, premature) AND (MRI OR magnetic resonance imaging OR MR OR magnetic resonance OR dti OR diffusion) AND (motor OR neuromotor OR Bayley OR AIMS OR NSMDA OR Griffith OR MABC OR cerebral palsy OR CP) were used and studies were limited to those published in English (Appendix SI, online supporting information).
Studies were eligible for inclusion if participants were born preterm (<36wks PMA) and the sample size was greater than or equal to 10. The participant's MRI was performed at earlier than 36 weeks PMA with structural, diffusion, spectroscopic (magnetic resonance spectroscopy) and/or functional MRI sequences acquired and MRI analysis by a reproducible qualitative or quantitative method. Quantitative motor outcome data from validated tools and/ or a confirmed diagnosis of CP at or beyond 12 months corrected age was the final eligibility criteria. Studies of normative samples of infants born preterm, i.e. no evidence of brain injury and normal motor outcomes on standardized tests, were excluded. Studies were excluded if brain injuries were the result of acute/traumatic brain injury or congenital malformations.
Data extraction and analysis
Three reviewers (JMG, KP, and RNB) independently screened the titles and abstracts, then examined full-text articles where required to determine eligibility. 17 Disagreements were resolved through discussion. Demographic data extracted included study design, sample size, gestational age at birth, birthweight, sex, and PMA at early MRI. The MRI details extracted were MRI field strength, acquisition type, analysis type, and qualitative or quantitative MRI findings. Motor outcome data included number of participants with follow-up data, age at follow-up, validated tool utilized, quantitative motor data, number of participants diagnosed with CP, and detail of CP motor distribution and severity where available. Where participants were assessed at more than one time point older than 12 months corrected age, the data from the later assessment was utilized. Quality of included studies was evaluated with the QUADAS-2 (a revised tool for the quality assessment of diagnostic accuracy studies), which is comprised of four domains: patient selection, index test, reference standard, and flow and timing. 18 Each domain is assessed in terms of risk of bias, and the first three domains are also assessed in terms of concerns regarding applicability. Each domain is given one of three possible ratings: low risk, high risk, or unclear risk.
Diagnostic accuracy can be characterized using a number of possible measures. In this review, sensitivity and specificity were chosen a priori as the primary outcome measures as they are not affected by the prevalence of the underlying condition, and consequently data from heterogeneous populations could be combined. Sensitivity and specificity of MRI abnormalities to determine adverse motor outcomes and/or a diagnosis of CP was extracted where reported, or calculated from raw data. Positive and What this paper adds
• Early magnetic resonance imaging (MRI) has reasonable sensitivity and specificity to determine later adverse motor outcomes and cerebral palsy (CP).
• Detection of infants who progressed to CP was stronger than motor outcomes.
• Global MRI scores determined adverse motor outcomes more accurately than white matter scores.
• Few studies report diagnostic accuracy of early MRI findings.
• Diagnostic accuracy is required to draw clinically meaningful conclusions from early MRI studies.
negative predictive values were not reported as the prevalence of adverse motor outcomes and CP in a cohort affects the ability to predict outcomes from early MRI, which limits the external validity of results. 19, 20 Heterogeneity of MRI scoring systems, variations of dichotomized scoring categories, and differences in motor outcome measures utilized limited the extent of meta-analyses that were able to be undertaken. Studies with sensitivity and specificity data were examined to identify those suitable for inclusion in meta-analyses. Three possible combinations of studies were identified for meta-analysis: (1) a global structural MRI score of moderate/severe brain injury and an outcome of CP; (2) a global structural MRI score of moderate/severe brain injury and an outcome on the Bayley Scales of Infant Development, Second Edition (Bayley-II) less than À2 standard deviations (SD); (3) a structural MRI score of moderate/severe white matter injury and an outcome on the Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-III) of less than À1SD. Diagnostic statistics are presented as a point estimate and 95% confidence interval (CI). Meta-analyses of proportions were conducted where possible. Individual study proportions were transformed into quantities according to the Freeman-Tukey variant of the arcsine square root transformed proportion. The pooled proportions were calculated as the back-transform of the weighted mean of the transformed proportions using random effects models. Analysis was conducted using Stata version 14 (StataCorp, College Station, TX, USA).
RESULTS

Search results
The title and abstracts of 960 records and 114 full-text articles were retrieved and reviewed to assess eligibility (Fig. S1 , online supporting information). Twenty-six studies met the inclusion criteria and five further studies were identified by manual review of references of included papers. [21] [22] [23] [24] [25] Demographic and clinical data extracted from the 31 studies included in this review are presented in Table I . The types of imaging modalities utilized in the included studies are presented in Figure 1 .
Characteristics of included studies
Of the 31 included studies, 16 distinct cohorts were identified and a further 15 studies reported data of different analyses of either the same or partially overlapping cohorts. The predominant study design was prospective cohort study. Sample sizes ranged from 23 to 193 participants, with all but two studies recruiting only infants born earlier than 36 weeks PMA. Excluding the studies with infants born at 36 weeks or later PMA, birthweight ranged from 370 to 2965g. The proportion of males ranged from 38% to 76%. The PMA at early MRI ranged from 25.9 to 46.3 weeks. Thirteen studies of six distinct cohorts had a range of PMA at early MRI that included TEA, although median and interquartile ranges of PMA at MRI were all less than 36 weeks. Motor outcomes and the number of infants diagnosed with CP are presented in Table SI (online supporting information). Few studies reported the number of infants who died as most only included infants alive at the time of outcome assessment. The percentage of infants in each cohort with adverse motor outcomes and/or a later diagnosis of CP varied considerably between studies. Cohorts with low prevalence of adverse motor outcomes frequently excluded infants with destructive brain lesions in recruitment. 23, 26, 27 Studies with a high prevalence of CP chose study participants based on the presence of defined brain lesions. 24, [28] [29] [30] [31] Structural MRI studies Twenty-six studies acquired early structural MRI data. [22] [23] [24] [25] [26] [27] [28] [29] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Results of meta-analyses are presented in Table II and Figure 2 . Sensitivity and specificity of early MRI findings in individual studies to determine later motor outcomes and/or a diagnosis of CP are presented in Table III . Associations with adverse motor outcomes are presented in Table SII (online supporting information). Early MRI global scores detected infants with a later diagnosis of CP with a pooled sensitivity of 100% (95% CI 86-100) and a specificity of 93% (95% CI 59-100; n=68 total participants). 28, 38, 47 Global structural MRI scores determined adverse motor outcomes using a cut-off point of less than À2SDs on the Bayley-II (n=43), with a pooled sensitivity of 89% (95% CI 44-100) and a specificity of 98% (95% CI 90-100). 38, 47 Meta-analysis of an MRI white matter score to determine motor outcome on the Bayley-III (cut-off less than À1SD; n=240) had a pooled sensitivity of 33% (95% CI 20-48) and a specificity of 83% (95% CI 78-88). 32, 39 Associations between early MRI findings and motor outcome or CP were more frequently reported than diagnostic accuracy. Five studies employed an overall score of brain injury/integrity, of which four found that poorer MRI scores were associated with adverse motor outcomes. 28, 39, 41, 47 Evidence of white matter injury was predominantly related to poorer motor outcomes. A white matter injury severity score 49 was associated with adverse motor outcomes in three studies 32, 35, 41 but not in two other studies. 43, 44 Greater white matter injury volumes in frontal, parietal, and temporal, but not occipital, lobes were associated with adverse motor outcomes. 35 White matter injury located in the frontal lobe was most predictive of adverse motor outcome. 35 Smaller total white matter volume was associated with adverse motor outcomes. 37 Punctate white matter lesions were not associated with motor outcome, 22, 27 although an association between the appearance of punctate lesions and presence of CP was reported. 40 A greater degree of signal intensity change in the periventricular white matter was not associated with adverse motor outcomes, in infants with otherwise normal MRI or cranial ultrasound scans. 46 Intraventricular haemorrhage and associated ventriculomegaly were related to poorer motor outcomes. Intraventricular haemorrhage was associated with poorer motor outcomes. 41, 44 Two studies, one of which had only intraventricular haemorrhage grade I and II in their cohort, 32 found no associations with adverse motor outcomes. 32, 43 Ventriculomegaly at TEA after early intraventricular haemorrhage was associated with poorer motor outcomes. 27 Increasing severity of ventriculomegaly on early MRI was associated with poorer motor outcome in one study, 41 but another study found no associations, 27 possibly because they examined ventriculomegaly independently of intraventricular haemorrhage.
Cerebellar haemorrhage demonstrated no associations with motor outcomes. 32, 41, 44 Smaller cerebellar volume was associated with adverse motor outcomes when both the early and term MRI data were pooled. 37 A cerebellar score, which included cerebellar injury and transcerebellar diameter, was associated with adverse motor outcome. 39 Presence of periventricular haemorrhagic infarction was associated with adverse motor outcomes. 42 Parietal periventricular haemorrhagic infarction resulted in a diagnosis of CP in 50% of cases. Temporal periventricular haemorrhagic infarction was responsible for poorer motor outcomes than frontal periventricular haemorrhagic infarction. 31 In a retrospective study of infants with periventricular leukomalacia compared with sex-matched, healthy preterm controls, 23 out of 33 with periventricular leukomalacia developed CP versus none from the control group. 24 Fewer studies examined grey matter structures; deep grey matter was more consistently related to adverse motor outcomes than cortical grey matter. Smaller cortical grey matter volume was associated with poorer motor outcomes with early and term MRI data combined. 37 Using only early MRI data, deep grey matter, but not cortical grey matter, was associated with poorer motor outcomes. 39 Smaller deep grey matter volume was also associated with adverse motor outcomes when early and term MRI data were pooled. 37 In a study of infants with periventricular leukomalacia, 24 those who progressed to severe CP (Gross Motor Function Classification System [GMFCS] levels III-V) had smaller thalamic volumes than no or mild CP (GMFCS levels I-II). 24 A study investigating length and cross-sectional area of the corpus callosum found no association of length, total area, anterior or middle third area of the corpus callosum with motor outcomes. 36 A smaller area of the posterior third of the corpus callosum was associated with adverse motor outcomes. 36 Growth rates of cerebral volume, cortical surface area, total brain volume, 26 and volume change of the hippocampus 34 between early and TEA MRI demonstrated no associations with motor outcomes. A scaling exponent of cortical surface area relative to cerebral volume was not associated with motor outcomes; 23 however, total cerebral volume was smaller in infants who progressed to poorer motor outcomes when early and term MRI data were combined. 37 
Diffusion MRI studies
Seventeen studies from nine distinct cohorts acquired early diffusion MRI data. 21, 24, 25, [30] [31] [32] [33] [34] 36, 38, 40, 42, 44, 45, 48, 50, 51 Sensitivity and specificity of diffusion MRI findings to determine later motor outcomes and/or CP in individual studies are presented in Table III . Diffusion biomarkers, regions evaluated, and associations with motor outcomes are presented in Table SIII (online supporting information). Three diffusion MRI studies reported diagnostic accuracy of their methods, although the data were not suitable to be combined in a meta-analysis. 21, 30, 50 Asymmetry of the PLIC on visual inspection of diffusion images, detected cases of hemiplegic CP with a sensitivity of 86% and a specificity of 100%. 30 An asymmetry index of fractional anisotropy greater than 0.05 between left and right PLIC identified cases of hemiplegic CP with a sensitivity of 100% and a specificity of 88%. 30 An asymmetry index of radial diffusivity between left and right PLIC detected later hemiplegic CP with a sensitivity of 71% and a specificity of 94%. 30 A second study combined MRI connectome network features with structural MRI brain injury grade and clinical data of gestational age at birth, Review 139 PMA at MRI, and sex, and reported a sensitivity of 66% and a specificity of 79% to determine adverse motor outcomes. 21 Importantly, the same group subsequently reported that connectome network features alone were not predictive of motor outcomes, 50 suggesting that the variables of brain injury and perinatal data were responsible for the diagnostic accuracy of the initial overall model. The new study proposed a convolutional neural network framework (BrainNetCNN), which generated a predicted motor outcome score for an individual infant based on their diffusion MRI data. 50 They reported a mean absolute error between actual and predicted Bayley-III motor composite score of 11% and SD of 8%. 50 Eight diffusion MRI studies reported associations between early MRI and motor outcomes. 25, [32] [33] [34] 36, 38, 45, 51 In white matter tracts (corpus callosum genu and splenium, PLIC, optic radiation), lower fractional anisotropy was associated with poorer motor outcomes. 32, 36, 38 A small study (n=12) reported a slower change in fractional anisotropy between early and term MRI in infants with adverse motor outcomes. 38 Conversely, in a larger study (n=157), no associations were found with fractional anisotropy change between early and term MRI and later motor outcomes. 32 A single study evaluating microstructure of the cingulum found no associations between fractional anisotropy, mean diffusivity, axial diffusivity, or radial diffusivity and motor outcomes. 45 Poorer motor outcomes were associated with a difference in slope of fractional anisotropy between left and right inferior temporal lobes, where fractional anisotropy increases more slowly on left relative to the right. 51 No associations between fractional anisotropy and motor outcomes were found in superior white matter structures (anterior, central, or posterior). 32 A slower increase in fractional anisotropy between early and term MRI in basal nuclei (thalamus, caudate, and lentiform nuclei) was associated with poorer motor Composite scoring system including brain injury and two-dimensional measurements of brain volume. Combination of Griffiths developmental quotient (DQ) and neurological examination. sMRI, structural MRI; WMI, white matter injury; Bayley-III, Bayley Scales of Infant and Toddler Development, Third Edition; NA, not assessed; dMRI, diffusion MRI; IVH, intraventricular haemorrhage; GA, gestational age; PMA, postmenstrual age; LSI, local synthetic instances (statistical method to address class imbalance in data); WM, white matter; GM, grey matter; NMSDA, Neurosensory Motor Developmental Assessment; PLIC, posterior limb of the internal capsule; FA, fractional anisotropy; RD, radial diffusivity; T, temporal; F, frontal; PVHI, periventricular haemorrhagic infarction.
outcomes. 32 A single study of diffusion imaging in the hippocampus found no associations with weekly change in mean diffusivity, axial diffusivity, radial diffusivity between early and term MRI, and motor outcomes. 34 A whole-brain voxel-based analysis found a greater extent of abnormalities on mean diffusivity, axial diffusivity, and radial diffusivity in infants with poorer motor outcome compared with infants with normal motor outcomes. 25 Tractbased spatial statistics applied to MRI acquired at PMA of 30 to 33 weeks found that infants with poorer motor outcomes had lower axial diffusivity and radial diffusivity in the corpus callosum, and internal and external capsule (but no association with fractional anisotropy). 33 The same study evaluated subsets of infants scanned at 27 to 29 weeks and 34 to 36 weeks PMA and found no associations between fractional anisotropy, axial diffusivity, and radial diffusivity and later motor outcomes. 33 
Functional MRI and magnetic resonance spectroscopy studies
No studies evaluated the relationship between functional MRI and motor outcome. A magnetic resonance spectroscopy study investigating N-acetylaspartate/choline in the basal nuclei, white matter tracts, and superior white matter found that slower increases in N-acetylaspartate/ choline between early and term MRI were associated with poorer motor outcomes. 32 A second magnetic resonance spectroscopy study evaluated differences in N-acetylaspartate/choline and three other markers of metabolism between infants born appropriate weight for gestational age compared with infants who were small for gestational age. They found no differences between the groups in either their metabolic markers or motor outcomes. 52 
Quality of included studies
The risk of bias and concerns regarding applicability of findings from individual studies were evaluated using the QUADAS-2 tool (results and scoring parameters are included as Appendix SII, online supporting information). Sources of potential risk of bias and applicability concerns were predominantly related to participant selection. Inadequate reporting of blinding of personnel involved in MRI analysis limited the ability to judge the risk of bias conferred from the index test. Few concerns regarding applicability were identified for the index test. As sufficient motor data or diagnoses of CP were part of the inclusion criteria for this systematic review, no concerns regarding applicability were identified for the reference standard. A potential risk of bias may exist for the reference standard, as almost half of the studies failed to report whether outcomes were assessed by personnel blinded to MRI findings. The majority of studies were judged as having a low risk of bias from flow and timing.
DISCUSSION
Early MRI demonstrates reasonable sensitivity and specificity to determine motor outcomes and CP in infants born preterm. Diagnostic accuracy for an outcome of CP was stronger than for adverse motor outcomes. In determining motor outcome, specificity was higher than sensitivity, indicating that a normal MRI accurately identified infants who progressed to a normal motor outcome, whereas infants with an abnormal early MRI demonstrated variable motor outcomes. For determination of a later diagnosis of CP, sensitivity was higher than specificity. Global MRI scores accurately determined motor outcomes more strongly than white matter MRI scores.
A systematic review of structural MRI at TEA to detect CP and adverse motor outcomes in infants born preterm reported similar findings. 10 The same pattern of findings were identified in their systematic review; diagnostic accuracy for an outcome of CP was stronger than for adverse motor outcomes; for motor outcome, specificity was higher than sensitivity; for CP outcome, sensitivity was higher than specificity; global MRI scores determined motor outcomes with a higher sensitivity than white matter MRI scores (although the specificity of white matter MRI scores was higher than global scores). Early MRI moderate/severe global score in the present study had a higher sensitivity and specificity for an outcome of CP than that reported at TEA MRI 10 (early MRI sensitivity 100%, specificity 93%; TEA MRI sensitivity 90%, specificity 80%). 10 It must be noted that the meta-analysis at TEA had a sample size of 273 compared with 68 at early MRI in the present study. A separate systematic review of tests to predict CP reported structural MRI at TEA to have a sensitivity ranging from 86% to 100% and a specificity ranging from 89% to 97%. 9 Early MRI moderate/severe global score in the present study also had a higher sensitivity and specificity for adverse motor outcome than that reported at TEA MRI 10 (early MRI sensitivity 89%, specificity 98%; TEA MRI sensitivity 63%, specificity 73%) and these were in comparable sample sizes. Early MRI moderate/severe white matter abnormality had a lower sensitivity and specificity than that reported at TEA MRI 10 (early MRI sensitivity 33%, specificity 83%; TEA MRI sensitivity 54%, specificity 90%). These findings suggest that early structural MRI global scores have diagnostic accuracy that is at least as good as TEA MRI for adverse motor outcomes and CP; and white matter scores at TEA MRI have greater diagnostic accuracy for adverse motor outcomes compared with early MRI white matter scores. While it is pertinent to interpret the findings of the meta-analyses conducted in the present systematic review with caution owing to the small sample sizes and heterogeneity of MRI scoring systems, the similarities with meta-analyses conducted of TEA MRI suggest plausibility.
The studies included in meta-analyses of early global MRI scores to determine motor outcomes and CP demonstrate a high risk of bias owing to non-consecutively recruited samples featuring an overrepresentation of infants with brain injury or an outcome of CP. 28, 38, 47 These weighted samples may have led to an overestimation of the diagnostic accuracy of MRI and the results therefore need to be interpreted with caution. 53 The studies included in meta-analysis of white matter to determine motor outcome were found to be at low risk of bias in all domains, as judged with the QUADAS-2 tool. 32, 39 Early MRI findings were also associated with adverse motor outcomes and CP. Poorer motor outcomes were associated with worse structural MRI global, deep grey matter, and cerebellar scores; location, severity, and volume of white matter injury; presence of intraventricular haemorrhage, ventriculomegaly, periventricular haemorrhagic infarction or periventricular leukomalacia; smaller thalamic volumes; and smaller area of the posterior third of the corpus callosum. Diffusion MRI showed lower fractional anisotropy and higher axial and radial diffusivity in the corpus callosum, PLIC, and a slower increase in fractional anisotropy between early and term MRI in the basal nuclei were associated with poorer motor outcomes.
Specificity was higher than sensitivity in most studies with diagnostic accuracy data of MRI to detect later motor outcomes. This indicates that early MRI performs well at ruling out future adverse motor outcomes. However, lower sensitivity means that some infants with normal MRI may progress to have adverse motor outcomes. This is consistent with studies of MRI at TEA. 3, 10, 54 For determination of a later diagnosis of CP, sensitivity was more frequently higher than specificity, indicating that most infants who progress to CP were identified by abnormalities on MRI. The inverse relationships between sensitivity and specificity for an outcome of CP compared with motor outcomes may, in part, be the result of variability in motor outcomes for infants born preterm without CP. 55 The choice of cutoff points in the MRI scores for sensitivity and specificity calculations may also contribute to this difference. If MRI scores are dichotomized as 'any injury vs no injury', sensitivity tends to be high and specificity relatively low, whereas if 'normal/mild injury vs moderate/severe MRI scores' are used, sensitivity drops and specificity increases.
White matter abnormalities on early MRI had lower sensitivity and specificity than global measures of MRI abnormalities in determination of motor outcomes in this review. Key differences between the studies included in the metaanalyses need to be taken into consideration when interpreting this finding. First, the sample size of the white matter score meta-analysis was 240 participants vs 43 in the global score meta-analysis. Second, the studies with a global MRI score used the Bayley-II outcome, whereas the white matter score studies used the Bayley-III. This makes it difficult to determine if the MRI scoring system utilized was better at determination of outcome, or whether the Bayley-II identifies a different group of children to those identified by the Bayley-III. There is some concern that the Bayley-III underestimates motor dysfunction in infants born preterm, 56 leading to a tentative use of less than À1SD as the cut off in analyses, rather than the more widespread use of less than À2SD with other validated tools.
If white matter scores have less diagnostic accuracy than global scores of early MRI, then it is an important difference to findings with TEA MRI. 10 A systematic review found term MRI white matter abnormality had higher specificity (but lower sensitivity) for motor outcomes and CP compared with other brain abnormality findings. 10 Global scores include evaluation of white matter; further investigation of other components of global scoring may provide insight into specific abnormalities that have greater diagnostic accuracy than white matter abnormalities on early MRI.
The use of diffusion MRI is gaining momentum in preterm infant studies. 11 Age and maturation relationships between diffusion biomarkers and PMA at MRI have been demonstrated, 57, 58 as well as changes between early and term MRI. 59, 60 Relatively few studies have demonstrated whether these maturational differences equate to clinically meaningful differences in outcomes. This review found that poorer motor outcomes were associated with lower fractional anisotropy in the corpus callosum and PLIC on early MRI, 32, 36, 38 and a slower increase in fractional anisotropy between early and term MRI in the PLIC, 38 optic radiation, 38 and basal nuclei. 32 Further research is required to determine if these findings are reproducible in other cohorts of infants born preterm. Reporting of diagnostic accuracy is required to determine if these diffusion MRI biomarkers provide useful prognostic information that could be used to support clinical patient management.
Only five of the 31 studies in this review reported diagnostic accuracy; the majority reported associations between early MRI findings and motor outcomes and/or CP. This finding is consistent with a systematic review of MRI at TEA in infants born preterm. 11 Statistical analyses in preterm study populations are challenged by small numbers in a cohort progressing to adverse motor outcomes or CP -a phenomenon called class imbalance in the data. 61 In these situations, the few infants with CP or adverse motor outcomes may be responsible for associations, and, if removed, the association often no longer remains significant. This explains why a study may find significant associations between an MRI finding and motor outcome but then have relatively poor sensitivity and specificity for determining motor outcome or CP. The clinical relevance is that diagnostic accuracy needs to be considered when using evidence of associations between MRI and outcomes to inform clinical practice.
A number of studies that reported no associations between MRI findings and motor outcomes excluded infants with specified structural brain lesions, which could be the reason why no relationship with motor outcomes was found. 23, 26, 27, 42, 46 Studies that excluded participants with structural brain lesions may be excluding the very cases that their analyses are trying to identify. The rate of CP and adverse motor outcomes are declining in preterm populations, [62] [63] [64] increasing the challenge of identification of the few cases that do progress to adverse outcomes.
A variety of different brain structures were examined by the 31 studies included in this review. Few studies examined exactly the same structures or used exactly the same scoring methods, and those that did reported contradictory findings in some cases. White matter injury and intraventricular haemorrhage were two areas where some studies reported associations with motor outcome and others found no associations. This could be a sample size issue of inadequately powered studies either over-or underestimating associations with outcomes. 65 Also, it could be related to sampling bias as some studies excluded infants with large structural brain lesions. Publication bias may also play a part as it is well known that negative findings are underreported in the literature. 66, 67 Either way, adequately powered studies with rigorous methodology and representative sampling are required to replicate these early MRI findings and determine their true reproducibility.
While some meta-analyses were performed in this review, data of only a small number of studies could be combined; consequently, the pooled results of sensitivity and specificity should be interpreted with caution. Heterogeneity of MRI scoring systems, variations of dichotomized scoring categories, and differences in motor outcome measures utilized, limited the extent of meta-analyses that were undertaken. No studies used exactly the same MRI scoring method and outcome measure and so studies were grouped broadly by whether they used an overall measure of injury or looked at white matter only. For these reasons, we are cautious not to overstate the strength or precision of the meta-analyses results. 68 Few of the included studies were unselected, sequentially recruited samples of infants born preterm, representative of preterm infant populations. Most studies were carried out in tertiary centres with access to MRI and are likely to represent higher-risk populations. Recruitment rates of eligible infants varied considerably between studies, with some as low as 17% and others as high as 86%. 27, 38 Some studies reported high levels of recruitment, but only a proportion of the infants underwent imaging. 51 Some studies grouped data by first/second MRI rather than early/term MRI. 22, 31, 32 Diffusion studies frequently excluded a large number of scans owing to movement artefact. 25, 42, 45, 51 Follow-up rates varied markedly between studies, a welldocumented source of potential bias. 69 Some studies used presence of follow-up data as part of their inclusion criteria and therefore 100% of the cohort had outcomes reported. Other studies had less than 50% follow-up so that even if the cohort recruited was representative, analyses with outcomes were performed for a 'selected' subgroup. 43, 45 Despite these limitations, the studies included in this review provide important information on the consequences of early brain injury and development.
Prediction of outcomes is highly desirable for both families and clinicians involved in the care of infants born preterm, but statistical tests to determine positive and negative predictive values are greatly affected by the prevalence of adverse outcomes and CP in the study populations. 19 This greatly limits the ability to generalize the results beyond the population studied. Owing to the heterogeneity of included studies in this review, and, in particular, the range of prevalence of adverse motor outcomes and CP in the study populations, no pooling of results would have been possible with positive or negative predictive values. Sensitivity and specificity were selected to evaluate diagnostic accuracy in this review as they are reporting the properties of the tests, rather than being affected by the properties of the sample.
Clinical implications
Structural MRI has the greatest amount of evidence available and is the most clinically accessible of the modalities featured in this review. Valid and reliable scoring systems exist for early structural MRI, 39, 41 which can be adopted into clinical practice. Evidence for diffusion MRI is emerging, but the complexity of analysis and interpretation precludes it from application to routine clinical settings at this time. The evidence from this review suggests that early MRI may play an important role in early identification of infants at risk of CP and adverse motor outcomes, and continued research of early MRI is warranted. MRI findings at any age need to be interpreted in the context of other clinical findings. The safety and feasibility of early MRI have been demonstrated. [70] [71] [72] Economic viability and cost/benefit analyses will need to be evaluated by individual centres, and will be affected by the purpose for undertaking early MRI. Early MRI before discharge, which typically happens around 36 weeks PMA, would enable planning of follow-up care and potentially reduce the loss to follow up that occurs when families have to return to tertiary centres at TEA for an MRI.
Research implications
Future research of early MRI should include reporting of diagnostic accuracy in addition to associations between MRI findings and outcomes. Replication of published relationships between early MRI and motor outcomes is required to determine reproducibility of MRI scoring and analysis methods. Optimization of cut-off points may improve diagnostic accuracy of existing scoring systems. Receiver operating characteristic curve and area under the curve analyses could be employed to optimize cut-off points. Examination of relationships with, and diagnostic accuracy for, longer-term outcomes is required to understand the full range of implications of early brain injury and the value of early MRI in providing prognostic information. One potential benefit of early MRI is to select infants who may benefit from early interventions, which could be commenced while the infant is still in the neonatal intensive care unit. Animal studies of very early neuroprotective therapies, such as hypothermia, erythropoietin, melatonin, creatine, and others, are showing promise. The ability to identify infants who may benefit from these therapies is critical. Early MRI is resource intensive; measures such as clinical assessment findings or readily available bedside cranial ultrasound need to be examined for correlations with early brain injury on MRI. Diagnostic accuracy of MRI at TEA is augmented by the addition of clinical measures of motor or neurological function. 4, 73, 74 Evaluation of combinations of early clinical measures and early MRI to determine outcomes is warranted.
Strengths and limitations
To our knowledge this is the first systematic review of diagnostic accuracy of early MRI to determine later adverse motor outcomes or a diagnosis of CP. It is also the first systematic review of early MRI to present meta-analyses of early MRI data to determine later outcomes in infants born preterm. Both diagnostic accuracy and results of associations between early MRI and later adverse motor outcomes or CP are synthesized and reported in this review, providing a comprehensive overview of the current reported evidence for early MRI to determine motor outcomes and CP in infants born preterm. Some limitations require consideration. Only studies published in English were included in this review, potentially excluding some relevant studies published in other languages. Some of the included studies pooled their early and term MRI data with no way to determine if the associations with outcome were driven by findings on the term MRI. Heterogeneity of the included studies, in terms of participants, methods, and outcomes, resulted in a limited ability to pool data. Studies of early MRI in preterm populations are challenging, with resources limiting overly large samples and reproduction of methods already published. We feel that an attempt at meta-analysis provided an opportunity to examine patterns within the available data and was a valuable addition to a more narrative systematic overview of the literature. Patterns identified in the meta-analyses presented in this paper were very similar to those found in meta-analyses of TEA MRI. 10 We acknowledge the limitations of the data included in these meta-analyses and specifically wish to reinforce that just because certain studies were similar enough to be included in the meta-analyses it does not indicate that those studies are more valid than other studies in this review that could not be grouped for meta-analysis. 75 
Conclusion
Identifying early markers of later adverse motor outcomes or CP remains a necessary and important challenge for researchers and clinicians. Early MRI has reasonable sensitivity and specificity to determine later motor outcomes and/or a diagnosis of CP in infants born preterm. The evidence for structural MRI with qualitative scoring of brain macrostructure is promising and clinically accessible. Evaluation of brain microstructure with diffusion MRI is emerging. Further research is required to refine scoring systems to optimize diagnostic and predictive accuracy, and to improve clinical utility. Reporting of diagnostic accuracy is critical to enable interpretation of relationships between early MRI findings and later motor outcomes and/or CP. helped support this project. No funder had involvement in study design, data collection, data analysis, manuscript preparation, and/ or publication decisions. Thank you to Dr. Jurgen Fripp for provision of images for Figure 1 . The authors have stated that they had no interests that might be perceived as posing a conflict or bias.
SUPPORTING INFORMATION
The following additional material may be found online: Figure S1 : Flowchart of included studies. 
